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Temporally and spatially resolved optical emission, as well as Langmuir and electric probe
measurements, were used to investigate the effects of radio frequency~rf! biasing near an electrode
in an inductively coupled plasma cell. The plasma source is a modification of the Gaseous
Electronics Conference rf Reference Cell. Emission from the atomic argon 750.387 nm transition
was observed. With the lower electrode grounded, the optical emission did not exhibit any rf
modulations. However, for a constant rf bias power of 9 W at frequencies from 1.695 to 33.9 MHz
applied to the lower electrode, various waveforms were observed in the temporal evolution of the
optical emission near the electrode as well as in the bulk plasma. Also, for pressures between 0.67
and 13.3 Pa of argon and a rf power of 9 W at afrequency of 2.712 MHz, the oscillations in the
optical emission near the biased electrode showed the presheath/sheath region rapidly shrinking
with increasing pressure. The dc sheath voltage drop, determined from Langmuir and electric probe
measurements, did not exhibit a dependence on the applied rf frequency, but varied nearly linearly
with the ratio of the bias power to the power dissipated in the plasma. ©1998 American Vacuum
Society.@S0734-2101~98!00301-7#
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I. INTRODUCTION

The future requirement to achieve high throughput a
yield for the fabrication of semiconductor devices with cri
cal dimensions, 0.25 mm will require plasma processin
tools delivering high plasma densities and controllable
energy distributions at low pressures. These characteri
are essential to achieve highly anisotropic features, etch
lectivity and minimize substrate damage. This limits the u
of capacitively coupled discharges because it is not poss
to simultaneously attain low ion impact energies and h
plasma densities at sufficiently low pressures. The deve
ment of high plasma density (. 131011 cm23), low pres-
sure (, 10 Pa! sources has been accomplished with the
of electron cyclotron resonance~ECR!, helicon waves and
planar inductively coupled plasmas~ICPs!.1–8

We will describe experimental observations of the tem
rally and spatially resolved optical emission in the preshe
sheath plasma region, as well as electric and Langmuir pr
measurements in a planar ICP source with an independe
biased lower electrode. The variation of the input power
the inductor coil demonstrates the possible independent
trol of ion flux and the radio frequency~rf! biasing of the
lower electrode illustrates control of the ion energy to t
substrate surface.

The temporally and spatially resolved optical emiss
measurements were made in the presheath/sheath region
the lower electrode in the ICP. These measurements w
done by applying a variable rf voltage at various frequenc
to the lower electrode. The sheath was estimated to
smaller than our optical resolution, so only the preshe
region is resolved in our measurements.

a!Permanent address: Miami University, Oxford, Ohio 45056.
b!Electronic mail: james.roberts@nist.gov
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A Langmuir probe was used to measure the dc compon
of the plasma potential of the bulk plasma. Since the
plasma potential is related to the energy that the ions gai
the sheath region, this can be used with additional electr
measurements to determine the mean energy of ions imp
ing on the lower electrode. The ion energy distributi
~IEDF! of a planar ICP source with grounded lower electro
has been measured by Hopwood,9 Kortshagen and Zethoff,10

and for an ICP identical to our ICP source by Woodwo
and co-workers.2 In pure argon, rather simple IEDFs wer
observed, with just one relatively narrow profile, the peak
which is well separated from zero energy. The mean ene
of this IEDF was nearly equal to the plasma potential in
bulk plasma with typical values between 20 and 30 eV wh
increased with decreasing pressure. The simple structur
the IEDF in this ICP compared to a capacitively coupl
discharge is due to the lower pressure in ICPs and the s
sheath thickness which results in a fast sheath transition
with no collisions. IEDF measurements with the ion ener
analyzer beneath a biased lower electrode are difficult
have not yet been reported for a planar ICP.

II. EXPERIMENTAL APPARATUS

A. Inductively coupled cell description

The ICP cell used as the plasma source in these exp
ments is a modified Gaseous Electronics Conference~GEC!
rf Reference Cell11,12 ~see Fig. 1!. The cylindrical vacuum
chamber is constructed of stainless steel with eight ra
copper-gasketed flanges centered at the chamber midp
Two of them are 203 mm diam flanges fitted with 136 m
diam quartz windows for optical emission spectrosco
306/16 „1…/306/10/$10.00 ©1998 American Vacuum Society
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307 Benck et al. : Investigations in the sheath region 307
~OES! observations. This allows the emission from the d
charge to be observed throughout the ultraviolet, visible a
infrared regions of the spectrum.

The power was induced into the chamber by a five-tu
planar coil based on the design of Milleret al.13 The coil is
100 mm in outer diameter, 1.3mH in inductance, and is
made of 3 mm diam copper tubing. It is held rigidly in plac
and is electrostatically shielded from the plasma by a radia
spoked patterned brass foil.14 The coil is separated from the
plasma by a 10-mm-thick quartz vacuum plate, an elec
static shield, and a 3-mm-thick quartz insulator. The spac
between the quartz vacuum interface and the lower electr
is 41 mm. The lower electrode is a 3 mmthick, 160 mm
diam stainless steel plate which can be biased by a vari
frequency signal generator and a rf power amplifier.

The gas is introduced into the chamber through one
four, 70 mm diam ports, 45° to the OES ports. The press
and flow rate are maintained by a variable conductance va
and the turbomolecular pump speed. The other three 70
flanges are used to mount pressure transducers, probes
Two additional ports, orthogonal to the OES ports, are 1
mm diam flanges to accommodate the turbomolecular pu
ion energy mass spectrometry probes, electric probes,
Langmuir probes.

The coil voltage is measured by a capacitive volta
probe, calibrated~without plasma! with reference to a com-
mercial resistive voltage probe. The coil current is monitor

FIG. 1. Cross sectional diagram of the ICP cell. The large circle at the ce
of the diagram represents the position of TROES viewport.
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at the outer, grounded lead by an inductively coupled pro
also calibrated with reference to a commercial current pro
A matching network is employed with the coil and consis
of two variable air-dielectric capacitors and several fixed
pacitors. They are connected directly to the coil to minim
resistive losses.13 The variable capacitors were adjusted f
minimum reflected power for each plasma condition
monitoring with a rf power meter. Data were taken wi
respect to the plasma power, the power dissipated in
plasma,Pdis, rather than the total input power. This wa
done since the total input power may depend on exte
parameters, such as the characteristics of the induction
matching circuit, and transmission line. The value ofPdis is
obtained from a measurement of the total power from
supply by a power meter,Pinput, minus theI 2Reff power loss
in the coil,13,15 i.e., Pdis5Pinput2I 2Reff .

The lower electrode was biased with frequencies rang
from 1.695–33.9 MHz using a rf signal generator and a
power amplifier. For frequencies below 20 MHz, a blocki
capacitor was inserted between the power amplifier and
lower electrode which allows a dc self-bias to develop on
electrode. Commercial voltage and current probes were
cated at the power leads to the lower electrode. The valu
the bias power dissipated in the plasma is calculated
means of a circuit parameter model16 and the measured volt
age, current, and phase of the rf power applied to the e
trode leads. For all experiments, the bias frequencies u
were only multiples and fractional multiples of 13.56 MH
because of restrictions within the electrical circuit model.
the frequency increased, while maintaining a constant po
dissipation into the plasma, the amount of reflected pow
from the cell rapidly increased. Therefore, the blocking c
pacitor was replaced with a matching network to minimi
the reflected power for frequencies above 20 MHz. If t
matching network was not utilized, the voltage wavefo
became strongly perturbed with odd harmonics~between;
90 and 100 MHz! of the fundamental bias frequency. Whe
this occurred, the plasma seemed to occupy the en
vacuum chamber and created a large amount of rf electr
noise in the time-resolved optical emission spectrosc
~TROES! detection apparatus.

B. Optical emission spectroscopy

The light collection optics, monochromator, and data
cording systems used for the OES are schematically re
sented in Fig. 2 and are described in a previous referenc17

Mirrors M2 and M3 form a periscope which is used to ve
tically scan the observation region within the plasma. T
entire optical apparatus is mounted on a movable table wh
allows for horizontal scanning of the plasma emissions. T
focusing mirror M4 creates a 1:2 image of the 50mm spec-
trometer entrance slit in the plasma. The periscope rotates
image of the slit so that its long dimension is parallel to t
biased electrode. The vertical spatial resolution was c
trolled by the apertures. Two types of apertures where us
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308 Benck et al. : Investigations in the sheath region 308
a circular 3.6 mm aperture with a vertical spatial resolutio
of 60.4 mm and 1-mm-wide slit with a vertical spatial reso-
lution of 60.2 mm.

Time-averaged OES measurements were made with a
coammeter to measure the average photomultiplier curre
The picoammeter integrates the current for; 0.1 s, averag-
ing out any rf fluctuations in the optical emission. Each time
averaged data point presented in this article represents t
average of five consecutive measurements with the error ba
determined by the standard deviation of the measurement

TROES measurements were performed using a time-t
amplitude converter~TAC! and a multichannel analyzer
~MCA!. The start pulse for the TAC is triggered from the rf
signal generator used to bias the lower electrode. The TA
stop pulse is generated by the next photon arriving at th
photomultiplier from the plasma. The output of the TAC is
accumulated in a MCA. The resulting signal is therefore, th
distribution of delay times for the arrival of the next photon
This is equivalent to the time-resolved optical emission dis
tribution as long as the average number of photons is,, 1
during the time interval being examined. Typically, data
from more than 3 M photons were collected for each wave-
form and required from 10 min to over an hour of data ac
quisition, depending on the light intensity and the bias fre
quency.

The 4s8@1/2#1
o24p8@1/2#0 transition in Ar I with a wave-

length of 750.387 nm~Ref. 18! and a natural lifetime of 21
ns was used in both the time-averaged and time-resolv
OES measurements. The electron excitation energy of t
upper state from the ground state is 13.48 eV. For the typic
densities and electron temperatures in this ICP plasma,15 the
electron excitation rate from metastable states calculate
from excitation cross sections19 is several orders of magni-
tude less than the direct excitation from the ground stat
Therefore, assuming that the neutral gas density is spatia
uniform, the OES monitors the changes in the density o
electrons with energies. 13.48 eV. In the bulk plasma the
plasma potential should not significantly vary with distance

FIG. 2. Schematic diagram of experimental layout for time-resolved optica
emission spectroscopic measurements. M1, M2, M3, and M4 are mirror
PMT is a cooled photomultiplier tube for photon counting.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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from the biased electrode over the narrow observation reg
of , 2 mm. As a result, due to the nonlocal nature of t
electron energy distribution function~EEDF! in this type of
ICP1,13,20 there should not be a significant change in t
EEDF as a function of position, and therefore, changes in
high energy electron density should be indicative of wha
occuring to the total electron density. In the presheath reg
this may no longer hold since there is a potential drop of;
Te/2 ~Ref. 21! which may alter the EEDF. Because of th
narrow width of the sheath, stochastic heating of electron
the sheath is not significant.3

C. Langmuir and electric probe description

A commercial Langmuir probe assembly was attached
a manually operatedx–y–z manipulator and is mounted t
one of the 70 mm flanges of the cell chamber. The dc co
ponent of the plasma potential,Vpl , in the bulk plasma was
measured with a cylindrical probe with a tip radius of 1
mm and a tip length of 6 mm.

The compensation of a Langmuir probe for the rf fluctu
tions of the plasma potential is critical for capacitive
coupled rf discharges.22,23 In this type of discharge the
plasma potential as well as the voltage drop in the pro
space-charge sheath are modulated with amplitudes of t
cally tens of volts. The rf plasma potential oscillations
ICPs with a grounded lower electrode are much smaller t
in capacitive rf discharges. They should be zero in a p
fectly electrostatically shielded ICP. In our Langmuir pro
the rf currents are sufficiently suppressed when the lo
electrode is biased between 2.712 and 33.9 MHz by
series inductors, and an additional metallic cylinder to all
unambiguous probe characteristics to be interpreted in
frequency band. The cylinder is capacitively connected to
probe and is in front of the inductors in order to reduce
capacitive impedance between the probe tip and the plas

A wire loop probe16,24 was used to monitor the peak-to
peak rf amplitude of the plasma potential. Values, 2 V at
13.56 MHz were measured for most operating conditions
the case where the lower electrode was not biased. This fi
amplitude is due to the residual capacitive coupling from
coil to the plasma. With a rf biased lower electrode, ho
ever, the rf amplitudes of the plasma potential are larger
grow with applied power to amplitudes;8 V at Pbias5 9 W,
since the discharge is now both capacitively and inductiv
driven.

Whether the compensation of the probe is sufficient
determine the plasma potential can be determined by obs
ing the second derivative of the probe characteristicI 9(Upr),
whereUpr is the voltage applied to the probe. Ideally, wh
the probe potential is varied at values around the plas
potential, I 9(Upr) should have a single maximum and
single minimum close to each other.25 The dc component of
the plasma potential is calculated from the zero crossing
the second derivative. We observed second derivatives
a single maximum and a single minimum for bias freque
cies, f bias, between 2.712 and 33.9 MHz~see Fig. 3!, while

l
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309 Benck et al. : Investigations in the sheath region 309
at f bias 5 1.695 MHz the second derivative showed seve
maxima and minima. This indicates that the probe is ins
ficiently frequency compensated.25 Under these circum-
stances the determination of the plasma potential from
zero crossing ofI 9(Upr) can lead to false results. Hence, w
only present results forVpl with f bias between 2.712 and 33.9
MHz.

III. EXPERIMENTAL RESULTS

A. Time-averaged and time-resolved optical emission
spectroscopy

The line-of-sight, time-averaged optical emission near
lower electrode for the grounded and biased cases is sh
in Fig. 4. The intensity of the optical emission rapidly in
creases with distance from the electrode. The small m
mum at the electrode edge is caused by a reflection from
corner of the electrode. Biasing the electrode decreases
optical emission throughout the plasma. In order to m
easily identify the presheath/sheath region of the plasma,
percent normalized difference of the optical emission w
and without a biased electrode is shown in Fig. 5 for two b
frequencies. As can be seen from Fig. 5, a region of
creased optical emission extends;1 mm from the electrode
surface. The sheath width, based on the Child–Langmuir
and other theoretical models24,26 in these types of discharge
is typically only 0.2 mm. Since this is smaller than the spat
resolution of the optical system, the sheath region obser
is part of the presheath. In the presheath the ions begin t
accelerated toward the electrode, but the ion velocities
still low enough so that quasineutrality can be maintain
The physical dimension of the presheath is determined
such processes as electron-ion collisions, ion-neutral c
sions, and geometric factors.27 As the ions are accelerated
the ion density must decrease, and due to quasineutrality
electron density also decreases, resulting in the observed

FIG. 3. Second derivatives of the current–voltage probe characteristic
different bias frequencies (Pbias59 W, Pdis5165 W!.
JVST A - Vacuum, Surfaces, and Films
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crease in the optical emission. Similarly, the suppression
optical emission in the bulk plasma is an indication that th
electron density has decreased throughout the plasma. B
ing with rf at 2.712 and 27.12 MHz and constant powe

at

FIG. 4. Time-averaged line-of-sight optical emission of the Ar I 750.387 nm
transition vs distance above the electrode for a biased (f bias52.712 MHz!
and grounded lower electrode atp51.33 Pa andPdis556 W. The signal
does not go to zero for negative distances due to reflected light off t
electrode surface. The error bars indicate the standard deviation of the m
surements.

FIG. 5. Normalized difference in percent~SigP59– SigP50)/SigP503100) of
the time-averaged optical emission with (Pbias59 W! and without (Pbias50
W! a biased electrode versus distance above the electrode atp51.33 Pa and
Pdis556 W for two bias frequencies. Each error bar is based on the prop
gated standard deviation of the original optical emission measurements.



th
de

p
t
f

f
f

E
d
it

s
ie
c

ulk
s
on

lot
ata
t
als
d-

has
een
or-
ls,
(

o
ve-
rent
p-

ES

e-
he
pe-
ns

the

lec-

e are

310 Benck et al. : Investigations in the sheath region 310
input, yielded similar spatial dimensions for the preshea
indicating that the presheath width does not significantly
pend on the bias frequency~see Fig. 5!.

The TROES measurements were made with an in
power of 9 W into the plasma from the lower electrode. A
this power level the plasma source could be operated
long periods~many hours! without significant sputtering o
metal onto the quartz vacuum interface. The amplitude o
oscillations in the TROES was typically, 10% of the time-
averaged signal. In the graphical presentation of the TRO
data, the time-averaged component has been subtracte
emphasize optical emission oscillations, which correlate w
the electron density oscillations.

Three different types of behavior could be observed a
function of the bias frequency. First, at low bias frequenc
between 1.695 and 5.424 MHz, as seen in Fig. 6, the os
lations in the plasma were relatively large in both the b
and presheath regions. There exists a significant phase
in the waveforms between the bulk and presheath regi

FIG. 6. TROES vs time forf bias52.712 MHz at a distance of~a! 0.5,~b! 0.7,
and ~c! 1.1 mm above the electrode surface, and~d! the corresponding
voltage and current waveforms at the electrode surface atp51.33 Pa,
Pdis556 W andPbias59 W. The marked vertical percent scales indicate
corresponding percentage of the time-averaged~dc! signal, which has been
subtracted from the original data.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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This phase shift is particularly noticeable in the contour p
of the TROES oscillations shown in Fig. 7. The TROES d
for Fig. 7 was taken with the6 0.2 mm spatial resolution a
0.1 mm intervals near the electrode, and at 0.2 mm interv
further into the bulk plasma. A sine wave expansion, inclu
ing the fundamental and the next four higher harmonics,
been fitted to the data after which the dc component has b
subtracted. Black shading and white shading on Fig. 7 c
respond to the regions of minimum and maximum signa
respectively. The TROES waveform in the presheathz
' 0.4 mm! closely follows the voltage waveform applied t
the lower electrode. In the bulk plasma, the TROES wa
form seems more closely related to the inverse of the cur
waveform, i.e., the maximum of the current occurs at a
proximately the same time as the minimum of the TRO
signal.

Second, Fig. 8 shows typical TROES behavior at interm
diate frequencies between 5.424 and 20.34 MHz. T
TROES oscillation amplitudes are greatly reduced, es
cially in the bulk plasma. In some cases no bulk oscillatio

FIG. 7. Contour plot of TROES vs time and distance above the lower e
trode for f bias 52.712 MHz atp51.33 Pa,Pdis556 W andPbias59 W. The
corresponding voltage and current waveforms at the electrode surfac
presented below the contour plot. The vertical spatial resolution is60.2
mm.
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311 Benck et al. : Investigations in the sheath region 311
were observed above our noise levels. Because of the
low signal intensities in this region, accurate measureme
of the phase shifts between the bulk and presheath were
possible.

Third, at higher frequencies between 22.6 and 33.9 M
the TROES behavior began to change slightly, as show
Fig 9. The amplitude of the oscillations in the bulk plasm
have begun to increase. In this region, there is no phase
between the bulk and presheath regions of the plasma. T
exists a systematic uncertainty of;10 ns between the timing
of the TROES and electrical waveforms.

Figures 10–13, show the effects of changing pressure
the TROES signal. In Figs. 10–13, the corresponding volt
and current waveforms at the electrode surface are prese
below the contour plot. The TROES data for Figs. 10–
were taken with a vertical spatial resolution of60.4 at 0.1
mm intervals near the electrode and at 0.2 mm intervals
ther into the bulk plasma. Similar to Fig. 7, the data we

FIG. 8. TROES vs time forf bias 5 8.136 MHz at a distance of~a! 0.5, ~b!
0.7, and~c! 1.1 mm above the electrode surface, and~d! the corresponding
voltage and current waveforms at the electrode surface atp 5 1.33 Pa,
Pdis556 W andPbias59 W. The marked vertical percent scales indicate
corresponding percentage of the time-averaged~dc! signal, which has been
subtracted from the original data.
JVST A - Vacuum, Surfaces, and Films
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fitted to a sine wave expansion and the dc component w
subtracted. The same, equally spaced gray scale cont
were used on Figs. 10–13 to represent the relative inten
of the TROES data. Pressures from 0.67 to 13.3 Pa w
chosen to cover the transition from a collisionless to col
sional plasma.28,29 The rf power supplied to the coil was
maintained at 100 W. The plasma densities measured w
the Langmuir probe varied from 531010 cm23 to an esti-
mated 831011 cm23. The lower electrode was biased at
frequency of 2.712 MHz with a constant power of 9 W
Under these conditions the voltage across the sheath, de
mined from Langmuir probe and electrical data, decreas
from 39 to 30 V as the pressure increased from 0.67 to 2
Pa. The sheath voltage for 13.3 Pa could not be determi
since the plasma density was too high to operate the La
muir probe.

The TROES data represented in Figs. 10–13 clea
shows that the width of the presheath shrinks with increas
pressure. In addition, the oscillations in the bulk for 13.3

FIG. 9. TROES vs time forf bias533.9 MHz at a distance of 0.5~a!, 0.7 ~b!,
1.1 mm ~c! above the electrode surface and the corresponding voltage
current waveforms at the electrode surface, and~d! at p51.33 Pa,Pdis5 56
W and Pbias59 W. The marked vertical percent scales indicate the cor
sponding percentage of the time-averaged~dc! signal, which has been sub-
tracted from the original data.
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312 Benck et al. : Investigations in the sheath region 312
continue to grow with increasing distance from the low
electrode and the maxima become much more sha
peaked than the minima.

B. Electrical and Langmuir probe measurements

The Langmuir probe measurements were performed
bias powers ranging from 2.4–20 W and at coil input pow
ranging from 100 to 350 W~corresponding to plasma pow
ers, Pdis, between 60 and 240 W!. The argon gas pressur
was kept constant at 1.33 Pa at a flow rate of 3.7mmol/s. All
measurements were performed on the cylindrical discha
axis, 6 mm above the lower electrode. With no bias app
to the lower electrode, the plasma potential,Vpl , is 226 1 V
and does not vary with plasma power.

When the lower electrode was biased at various frequ
cies and a constant power of 9 W, we observed an incre
of the bulk plasma potential compared to the nonbias c
@see Fig. 14~a!#. In the biased case, the highest plasma
tential was 36 V at 2.712 MHz and the smallest potential w
24 V at 20.34 MHz. Simultaneously, from electrical me
surements, we observed a similar behavior in the dc bia
the lower electrode,Vdc bias, as a function of the applied

FIG. 10. Contour plot of TROES vs time and distance above the lo
electrode atp50.67 Pa, forPdis554 W, f bias52.712 MHz.Pbias59 W and
Ne55.131010 cm23.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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frequency @see Fig. 14~a!#. The difference between th
plasma potential and the dc bias voltage of the lower e
trode determines the dc sheath voltage dropVsh (Vsh5Vpl

2Vdc bias). A plot of Vsh vs f bias in Fig. 14~b! demonstrates
that the dc sheath voltage drop does not depend upon
applied bias frequency within the experimental error. T
voltage across the sheath did vary slowly with the condit
of the electrode surface. After extensive cell operation (. 50
h! Vsh was;30 V.

Another result was observed at a constant rf bias
quency,f bias 5 2.712 MHz, when both the bias power an
the power dissipated in the plasma were varied. We fou
that the plasma potential,Vpl , increases nearly linearly as th
ratio of the rf bias power to the power dissipated in t
plasma,Pbias /Pdis, increased. Also observed as a function
this ratio was thatVdc bias remained nearly constant. Sinc
the dc sheath voltage drop,Vsh, is the difference betweenVpl

andVdc bias, this result indicates thatVsh varies linearly with
the ratioPbias/Pdis. This can be seen in Fig. 15.

A feature of this ICP with biased lower electrode is t
change of the phasef between the ac component of the
current and voltage@see Fig. 16~a!# as the bias frequency i

rFIG. 11. Contour plot of TROES vs time and distance above the low
electrode atp51.33 Pa, forPdis556 W, f bias52.712 MHz,Pbias59 W, and
Ne58.531010cm23.
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313 Benck et al. : Investigations in the sheath region 313
varied. As can be seen in Fig. 16~b!, the plasma-bias elec
trode system becomes highly inductive at frequencies ab
25 MHz, resistive near 10 MHz and more capacitive
frequencies below 10 MHz.

IV. DISCUSSION

Plasma parameters adjacent to the lower electrode d
mine much of the behavior of the sheath. Magnetic fie
from the coil in this region are low enough to treat this as
unmagnetized plasma.30 Because the Langmuir probe cou
not reach any closer than 5 mm from the electrode surfac
linear fit to the available Langmuir probe data was used
estimate the conditions adjacent to the electrode. The e
tron density and temperature adjacent to the electrode
estimated to be 631010 cm23 and 4 eV, respectively, in an
unbiased plasma with a pressure of 1.33 Pa andPdis 5 56 W.
This results in an ion plasma frequency,Vp , of ;8 MHz
near the surface, whereVp5(4pnione

2/M ion)
1/2, nion is the

number of ions andM ion is the ion mass. The production o
ion plasma waves are often associated with the perturba
of the plasma from a biased electrode.31 Typically, for bias
frequenciesf bias..Vp the ions respond only to the time

FIG. 12. Contour plot of TROES vs time and distance above the lo
electrode atp52.66 Pa, forPdis562 W, f bias52.712 MHz,Pbias59 W and
Ne51.231011 cm23.
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averaged potential within the sheath and forf bias,,Vp the
ion motion is influenced by the rf fields. For bias frequenc
f bias;Vp , the expected behavior is less clear. The ion te
perature in the ICP is on the order of 0.3 eV.32 Therefore,
instead of a sharp cutoff frequency for ion plasma wav
which would be expected in the limit asTi→0, there will
only be a reduction of the ion plasma wave phase velo
occurring around the ion plasma frequency. Although plas
waves with frequencies above the ion plasma frequency
possible, their influence on the plasma is significantly
duced by Landau damping which increases with increas
frequency.33 The Landau damping coefficient can increa
exponentially as the frequency approaches the ion pla
frequency.34 Therefore, the amplitude of the ion plasm
waves in the discharge should show a sharp decrease a
quencies approach the ion plasma frequency.

In the low frequency region from 1.695 to 5.424 MHz, th
bias frequency is below the ion plasma frequency (f bias,
,Vp), and therefore, the velocity of ions traversing t

r

FIG. 13. Contour plot of TROES vs time and distance above the low
electrode atp513.3 Pa, forPdis571 W, f bias52.712 MHz , andPbias

5 9 W. The electron density was estimated to beNe5831011 cm23 in the
unbiased plasma.
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314 Benck et al. : Investigations in the sheath region 314
presheath will be modulated by the bias rf fields. When th
voltage on the electrode is at a maximum, the ion veloci
slows causing an increase in the ion density. Because
quasineutrality at this position in the plasma, the electro
density will also increase, producing a maxima in th
TROES signal. This implies that the flux of ions reaching th
sheath is not uniform in time, and therefore should influen
the IEDF at the electrode surface. In the bulk plasma, t
electron density modulations are being controlled by the a

FIG. 14. ~a! Plasma potential and dc component of the voltage to the low
electrode and~b! the dc sheath voltage drop for different bias frequencie
(Pbias59 W, Pdis5165 W!. The dashed~- - - -! line is a linear least squares
fit to the data.

FIG. 15. The dc sheath voltage drop as a function of the ratio of bias pow
and plasma power,Pbias /Pdis ( f bias 5 2.712 MHz!.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
e
y
of
n

e
e
e
c-tual loss of electrons from the plasma. As a result, th
TROES signal has a minimum when there is a maximum o
the current, i.e., where the electron loss is the greatest.

In the mid frequency range from 5.424 to 20.34 MHz
( f bias;Vp), the ions become less responsive to the rf field
with increasing frequency. In the high frequency range, from
20.34 to 33.9 MHz (f bias..Vp), the ions are essentially
following only the time-averaged fields. Therefore, there i
no change in the ion density as a function of time in th
presheath. Consequentially, only the bulk type oscillation
are seen and there is no phase shift between the bulk a
presheath. The decreased signal intensities are probably
lated to the increased damping of ion plasma oscillations.

From combining the results of the Langmuir probe dc
plasma potential measurements and the electrical measu
ments we conclude the following:~1! the mean ion energy
cannot be controlled by changing the bias frequency, becau
the dc sheath voltage drop,Vsh, does not depend on the bias
frequency@see Fig. 14~b!#; ~2! the mean ion energy can be
controlled by changing the ratio of bias power to plasm
power,Pbias/Pdis ~see Fig. 15!.

Besides the mean ion energy, the shape of the IEDF
also an important parameter. As mentioned in the introdu

r
s

er

FIG. 16. ~a! The fundamental component of voltage,Vpe, and current,I pe,
and ~b! the phase,f, betweenI pe and Vpe at the surface of the biased
electrode forPbias59 W.
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315 Benck et al. : Investigations in the sheath region 315
tion, the IEDF for a grounded lower electrode has the re
tively simple structure of a single narrow profile.2 It is a
well-known phenomenon of capacitively coupled dischar
used in reactive ion etching, that the shape of the IEDF at
self-biased electrode depends on the ratio of the ion tra
tion time across the sheath compared to the rf period.35–37 If
the ion transition time is long compared to the rf period, t
ion experiences only the time-averaged sheath potential,
the IEDF has a single peak. If the ion transition time is sh
the ion responds to the instantaneous sheath potential. Th
fore, the IEDF will exhibit a double peak which is attribute
to ions entering the sheath when the potential is at low
high energy extremes. Both of these features have bee
vestigated by model calculations for a rf biased ICP
Hoekstra and Kushner.3 For an ECR plasma it has been ve
fied experimentally and theoretically by Martin an
Oechsner.38 They observed a noticeably narrower IEDF
higher bias frequencies (f bias.16 MHz, FWHM , 5 eV!
than at lower frequencies. This indicates that a higher b
frequency may be advantageous if one is interested in a
row IEDF. The actual measurement of the IEDF beneat
biased lower electrode and its correlation with other plas
parameters would shed some light on the possible contro
the ion energy distribution. A first step in this direction is t
measurement of the IEDF at the grounded chamber wall w
a biased lower electrode. These measurements ar
progress and will be published in a separate article.39
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